Lactococcus sp. strain QU 12, which was isolated from cheese, produced a novel cyclic bacteriocin termed lactocyclicin Q. By using cation-exchange chromatography, hydrophobic interaction chromatography, and reverse-phase high-performance liquid chromatography, lactocyclicin Q was purified from culture supernatant, and its molecular mass was determined to be 6,062.8 Da by mass spectrometry. Lactocyclicin Q has been characterized by its unique antimicrobial spectrum, high level of protease resistance, and heat stability compared to other reported bacteriocins of lactic acid bacteria. The amino acid sequence of lactocyclicin Q was determined chemically, and this compound is composed of 61 amino acid residues that have a cyclic structure with linkage between the N and C termini by a peptide bond. It showed no homology to any other antimicrobial peptide, including cyclic bacteriocins. On the basis of the amino acid sequences obtained, the sequence of the gene encoding the prepeptide lactocyclicin Q was obtained. This is the first report of a cyclic bacteriocin purified from a strain belonging to the genus Lactococcus.
Consumers demand a high level of safety, especially with regard to food. Empirical use of the antimicrobial agents produced by lactic acid bacteria (LAB) for the preservation of foods has been a common practice throughout history. Bacteriocins produced by LAB are antimicrobial proteins or peptides with antimicrobial activity that inhibits not only species closely related to the producer strain but also food-borne bacteria, such as food spoilage bacteria and pathogens. Bacteriocins are commonly divided into several groups (19, 27) . Class I bacteriocins, termed lantibiotics and represented by nisin, are characterized by heat stability and their unusual amino acids, such as lanthionine and 3-methyllanthionine (13, 26, 37) . Class II bacteriocins are heat-stable and nonlantibiotic peptides that are divided into three subgroups. Class IIa bacteriocins, including pediocin PA-1, are peptides with anti-Listeria activity and a consensus YGNGVXC sequence in the N-terminal region (8) ; class IIb bacteriocins, including lactococcin Q, comprise two peptides (39) , both of which are required for full antimicrobial activity (12) ; and class IIc bacteriocins are other class II bacteriocins, such as lacticin Q (10) .
Recently, several cyclic bacteriocins that are bound at the N and C termini have been discovered, and their classification is being discussed. Cotter et al. proposed a new classification of LAB bacteriocins that includes three main groups (6) . Specifically, cyclic bacteriocins were defined as class IIc bacteriocins based on their criteria. On the other hand, Kemperman et al. classified cyclic bacteriocins in class V (18) .
So far, enterocin AS-48 (11, 21) , gassericin A (15, 16) , reutericin 6 (17) , and uberolysin (36) have been reported to be cyclic bacteriocins produced by LAB. Recently, several natural variants of these compounds have been reported. Enterocin AS-48 is the most extensively studied because of its cyclization characteristics and the fact that it shows great potential as a food preservative. It comprises 70 amino acid residues and is widely active against both related and unrelated bacteria, such as Listeria, Bacillus, Salmonella choleraesuis, and Escherichia coli. Several natural enterocin AS-48 variants produced by Enterococcus faecalis or Enterococcus faecium have been reported, including enterococcin EFS2 (22) , enterocin 4 (14) , bacteriocin 21 (33) , and AS-48RJ (3). In particular, AS-48RJ differs at one amino acid residue, the residue at position 20 in the primary structure, where AS-48 contains Glu 20 and AS-48RJ contains Val 20 . Acidocin B (20) is considered a potential natural variant of gassericin A. Gassericin A contains Met 24 , and acidocin B contains Val 24 . However, more structural analysis of acidocin B needs to be performed before this compound can be confirmed to be a cyclic bacteriocin.
Microorganisms belonging to the genus Lactococcus are the most important microorganisms in the dairy industry, as they are commonly used as starter organisms. In particular, Lactococcus lactis is generally recognized as a safe organism. Both the basic and application aspects of its bacteriocins, especially nisin, have been studied extensively. Additionally, nisin is the best bacteriocin so far because of its broad and strong inhibitory activity. However, using nisin for a long period of time against a specific target strain may cause the emergence of a nisin-resistant strain, even though this has not been reported. Therefore, to eliminate such a problem, various efficient bacteriocins other than nisin are required.
In this report, we describe identification and characterization of lactocyclicin Q, a novel cyclic bacteriocin produced by Lactococcus sp. strain QU 12, which was isolated from cheese. Lactocyclicin Q is characterized by a unique antimicrobial spectrum and high heat stability compared to the other LAB bacteriocins. Lactocyclicin Q has a cyclic structure in which the N and C termini are linked to each other and comprises 61 amino acid residues that show no homology to the residues of any other antimicrobial peptide.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacteriocin-producing organism Lactococcus sp. strain QU 12 was isolated on an MRS agar plate containing 0.5% CaCO 3 from overnight-aged milk of a cheese intermediate and was identified by 16S rRNA gene sequencing and sugar fermentation pattern analysis, as described in a previous report (10) . Gram stain, motility, and catalase tests were performed as a preliminary step in the screening of LAB.
Lactococcus sp. strain QU 12 was stored at Ϫ80°C in M17 medium (Merck, Darmstadt, Germany) with 15% glycerol. Before use, it was propagated in M17 medium at 30°C for 18 h. Bacterial strains used as indicator strains for the bacteriocin assay were propagated for 18 h at the temperature (30°C or 37°C) recommended by the culture collections. MRS medium (Oxoid, Basingstoke, United Kingdom) was used to culture all indicator strains except Lactococcus sp. strain QU 12 and L. lactis subsp. cremoris ATCC 19275 T , which were cultured in M17 medium.
Bacteriocin activity assay. The bacteriocin assay was performed using the spot-on-lawn method (38) with some modifications, in which 10 l of twofold dilutions of a bacteriocin preparation was spotted onto a double layer composed of 5 ml of MRS medium supplemented with 1% agar. After overnight incubation at temperatures appropriate for the indicator strains, the bacterial lawns were checked for inhibition zones.
The MICs of the bacteriocin for the various indicator strains were determined with purified bacteriocin solutions using the spot-on-lawn method described above. The MIC was defined as the minimum bacteriocin concentration that yielded a clear zone of growth inhibition in the indicator lawn.
Bacteriocin purification. Using a three-step procedure, lactocyclicin Q was purified from a 1-liter culture grown until early stationary phase in M17 medium at 30°C for 18 h. The culture was adjusted to pH 3.0 with 1 M hydrochloric acid in order to recover bacteriocin peptides adsorbed on the cells, and then the cells were removed by centrifugation at 8,000 ϫ g for 20 min at 4°C. The supernatant obtained was applied to an SP Sepharose Fast Flow cation-exchange chromatography column (length, 100 mm; internal diameter, 10 mm; GE Healthcare, Uppsala, Sweden) equilibrated with 50 mM sodium citrate buffer, pH 3.0 (buffer A). After the column was washed with 100 ml buffer A, the bacteriocin was eluted with 50 ml of 1 M NaCl in buffer A. Subsequently, the eluted active fraction was applied to an Octyl-Sepharose CL-4B column (length, 50 mm; internal diameter, 10 mm; GE Healthcare) equilibrated with 1 M ammonium sulfate in 50 mM sodium phosphate buffer, pH 5.6 (buffer B). Then an active fraction was eluted with 70% ethanol in buffer B. This fraction was applied to a 3-ml RESOURCE RPC column (Amersham Biosciences, Uppsala, Sweden) in an LC-2000 Plus high-performance liquid chromatography (HPLC) system (JASCO, Tokyo, Japan). The active fraction was eluted in the following manner with a gradient of MilliQ water-acetonitrile containing 0.1% trifluoroacetic acid at a flow rate of 1 ml/min: 0 to 5 min, 0 to 40% acetonitrile; 5 to 10 min, 40% acetonitrile; 10 to 35 min, 40 to 65% acetonitrile; 35 to 40 min, 100% acetonitrile; and 40 to 45 min, 100% acetonitrile. The activities of the fractions were examined by the spot-on-lawn method.
The purified lactocyclicin Q was stored at Ϫ30°C. The antibacterial activity of the fraction obtained in each purification step was determined as described above by using Bacillus coagulans JCM 2257
T as an indicator strain. The protein concentration of each fraction was estimated using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) according to the manufacturer's instructions.
For MIC determination and characterization of the bacteriocins, the solvent was removed from the purified fractions by using a SpeedVac concentrator (Savant, Farmingdale, NY), and the bacteriocins were dissolved at appropriate concentrations in distilled water supplemented with 0.1% Tween 80 unless otherwise mentioned.
MS and amino acid sequencing. The molecular mass of the purified lactocyclicin Q was analyzed by electrospray ionization time of flight mass spectrometry (ESI-TOF MS) with a JMS-T100LC mass spectrometer (JEOL, Tokyo, Japan).
The amino acid sequence was determined based on Edman degradation with a protein sequencer (model PPSQ-21; Simadzu, Kyoto, Japan).
Effects of enzymes, heat, and pH on the activity of lactocyclicin Q. To examine the enzyme sensitivity of lactocyclicin Q, it was treated with the following enzymes (Sigma-Aldrich, St. Louis, MO): trypsin (1,000 U/mg), ␣-chymotrypsin (37 U/mg), proteinase K (0.6 U/mg), and papain (17 U/mg).
All enzymes were dissolved in appropriate buffers with optimal pHs and then were filter sterilized and added to a purified lactocyclicin Q solution at an enzyme-to-peptide molar ratio of 1:100 or 1:1. Following incubation at 37°C for 3 h, the enzymes were denatured by heating them at 100°C for 5 min. The residual bacteriocin activities were determined by using B. coagulans JCM 2257 T as described above.
For evaluation of the heat and pH stability of lactocyclicin Q, the purified bacteriocin solution was adjusted to pH values between 3.0 and 10.0 using 1 M hydrochloric acid or 1 M sodium hydroxide. Then the preparations were heated at 80°C, 100°C, or 121°C for 30 or 15 min. The residual bacteriocin activities were determined as described above. The bacteriocin activity of the pH 3.0 sample without heat treatment was defined as 100%.
Fragmentation of lactocyclicin Q. Two fragmentation procedures, 3-bromo-3-methyl-2-(2-nitrophenylthio)-3H-indole (BNPS-skatole) and hydrochloric acid treatments, were performed with lactocyclicin Q.
Purified lactocyclicin Q was dissolved in 700 l acetic acid with a 100-fold molar excess of BNPS-skatole (Sigma-Aldrich). The presence of this chemical reagent leads to cleavage of the polypeptide at the C-terminal side of tryptophan residues. The reaction was performed at 37°C for 72 h. The product was purified by reverse-phase HPLC, and it was then subjected to ESI-TOF MS and amino acid sequencing as described above.
Purified lactocyclicin Q was also dissolved in 800 l of 0.6 M and 0.03 M hydrochloric acid at a final concentration of 0.04 mg/ml and then incubated at 37°C for 24 h and at 110°C for 3 h, respectively. DNA sequence analysis. To determine the gene encoding lactocyclicin Q, oligonucleotide primers were designed on the basis of the amino acid sequences obtained. DNA manipulations were performed according to a previously described protocol (10) . The primers used in this study are listed in Table 1 . Degenerate primers (Q12.F3 and Q12.R1) and Lactococcus sp. strain QU 12 total DNA were employed to amplify part of the lactocyclicin Q structural gene by using Taq DNA polymerase (Promega, Madison, WI) according to the standard protocol (10) . To amplify the upstream or downstream region of the structural gene, ligation-anchored PCR was performed as described previously, with some modifications (34, 35) . Lactococcus sp. strain QU 12 total DNA was , and the digested DNA was ligated into a dephosphorylated pUC18 cloning vector (Toyobo, Osaka, Japan) that was treated with the corresponding restriction enzyme. Each of the mixtures was then used as a template for PCR using a structural gene-specific primer (Lact.F1) and vector-specific primers (1 st Mup13-f and 1 st Mup13-r). The second (with primers Lact.F2, Mup13-f, and Mup13-r) and third (with Lact.F3, s-M13-f, and s-M13-r) PCRs were performed as described above. The fragments obtained were purified by using a QIAquick PCR purification kit (Qiagen, Hilden, Germany) and sequenced. Similarly, the DNA sequence of the downstream region was analyzed using the specific primers Lact.R1, Lact.R2, and Lact.R3 and vector-specific primers. A single fragment containing the entire lactocyclicin Q gene was amplified using the newly designed specific primers LycQ-F and LycQ-R. The product was purified and directly sequenced.
DNA sequencing was carried out by Macrogen Inc. (Seoul, Republic of Korea).
Computer analysis of DNA and amino acid sequences. The DNA and amino acid sequences obtained were analyzed using GENETYX-WIN software (GENETYX, Tokyo, Japan). Database searches were performed using National Center for Biotechnology Information BLAST (http://www.ncbi.nlm.nih.gov /BLAST/). The secondary structure was predicted using PSIPRED, the Protein Structure Prediction Server (http://bioinf.cs.ucl.ac.uk/psipred/psiform.html).
Nucleotide sequence accession number. The DNA sequence obtained has been deposited in the DDBJ database under accession number AB462499.
RESULTS
Identification of strain QU 12. The 16S rRNA gene sequence of strain QU 12 showed a maximum level of identity of 94% to the Lactococcus raffinolactis accession no. EU091469 sequence (reference strains). In addition, an API50 CHL sugar fermentation pattern test of this strain revealed 70% identity to L. lactis subsp. lactis. Therefore, strain QU 12 can be classified as a member of the genus Lactococcus, but it cannot be classified at the species level.
Purification and structural analysis of lactocyclicin Q. The bacteriocin from Lactococcus sp. strain QU 12 was purified by using three steps, as shown in Table 2 . In the final reversephase HPLC step, antimicrobial activity was detected at a retention time of about 29 min (Fig. 1) . The bacteriocin was purified with a yield of 25% and a concentration of 0.401 mg/ml, as shown in Table 2 . The molecular mass of the purified lactocyclicin Q was determined by ESI-TOF MS analysis to be 6,062.8 Da (Fig. 2) . Amino acid composition analysis proved that lactocyclicin Q was proteinaceous (data not shown). However, no signals were obtained when lactocyclicin Q was subjected to N-terminal amino acid sequencing by automated Edman degradation. This suggested that the N terminus of lactocyclicin Q was blocked.
Fragmentation and amino acid sequence of lactocyclicin Q.
To obtain a partial amino acid sequence of lactocyclicin Q, various fragmentation procedures were performed. However, some treatments with enzymes and chemical reagents, such as lysyl-endopeptidase and cyanogen bromide, could not provide appropriate fragments of lactocyclicin Q (data not shown). BNPS-skatole treatment, which cleaves the C-terminal region of tryptophan residues, yielded three products with the molecular masses of 1,190.7, 2,290.1, and 1,022.3 Da. These fragment peptides were subjected to N-terminal amino acid sequencing, and the following sequences were obtained: LIDHIGAPR for the 1,190.7-Da fragment, AVKAGLATAAAIVKHQGKA AAAA for the 2,290.1-Da fragment, and VLALVPGPG for the 1,022.3-Da fragment. Tryptophan residues modified by the treatment were not detected, but it was expected that the fragments contained tryptophan at the ends of the C termini. In fact, the calculated molecular masses of the sequences obtained, including putative tryptophan at the ends of the C termini, were 1,176.43 Da, 2,275.66 Da, and 1,008.20 Da, respectively (Table 3 ). This indicated that the C-terminally modified tryptophan residues were oxidized by the treatment. Additionally, lactocyclicin Q was treated with 0.6 M or 0.03 M hydrochloric acid to obtain fragment peptides for amino acid sequence analysis. ESI MS revealed that the lactocyclicin Q treated with 0.6 M hydrochloric acid had a molecular mass of 6,080.8 Da. This suggested that the lactocyclicin Q combined a Antibacterial activity (expressed in arbitrary units ͓AU͔) was assayed by the spot-on-lawn method using B. coagulans JCM 2257
T as an indicator strain. b The protein concentration (in mg/ml) was estimated with a NanoDrop ND-1000 (A 280 ).
with a molecule of water and was hydrolyzed. On the other hand, the peptide treated with 0.03 M hydrochloric acid had a molecular mass of 5,963.1 Da. These peptides were purified and sequenced, and the following sequences were obtained: GKAAAAAWLIDHLGAPRWAVDTILGAIAV for the peptide treated with 0.6 M hydrochloric acid and TILGAIAVGN LASWVLALVPGPGWAVKAG for the peptide treated with 0.03 M hydrochloric acid (Table 3) . Consequently, the sequences obtained for the fragments were linked with each other, and all the amino acid sequences of lactocyclicin Q were chemically determined. Lactocyclicin Q is composed of 61 amino acid residues and forms a cyclic structure with a peptide bond (Fig. 3) . The calculated molecular mass of the structure obtained was 6,080.8 Da, which was consistent with the observed peptides treated with 0.6 M hydrochloric acid. Lactocyclicin Q is the first cyclic bacteriocin purified from Lactococcus species, and it showed no significant homology to any other antimicrobial peptide, including cyclic bacteriocins.
DNA sequencing analysis for elucidation of the structure of lactocyclicin Q. Degenerate primers were designed on the basis of the amino acid sequence obtained. When PCR was performed with the total DNA from Lactococcus sp. strain QU 12 and the degenerate primers, a 130-bp fragment was amplified. Then, based on the DNA sequence obtained, the specific primers were designed and employed for ligation-anchored PCRs to obtain the adjacent sequences. As a result, the DNA sequence of the structural gene encoding lactocyclicin Q, termed lycQ, was obtained (Fig. 4) . A putative leader peptide (dipeptide) sequence, a ribosome-binding site, and a terminator sequence were also identified. The structural gene lycQ consisted of a 189-bp open reading frame encoding a primary translation product of 63 amino acid residues. This indicated that lactocyclicin Q was synthesized as a 63-amino-acid prepeptide, which was processed between lysine and leucine to produce a 61-amino-acid propeptide. It is expected that the putative leader peptide is cleaved off during cyclization. This suggests that the propeptide matures to yield cyclization of the Nterminal leucine to the C-terminal tryptophan with dehydration by a peptide bond. In addition, lactocyclicin Q has a K-X-X-X-X-X-W sequence at the end of the C terminus, like most other cyclic bacteriocins.
Antimicrobial spectrum of lactocyclicin Q. The inhibitory spectrum of lactocyclicin Q is shown in Table 4 . Lactocyclicin Q showed a broad antimicrobial spectrum against gram-positive food spoilage bacteria, such as the genera Bacillus and Enterococcus and closely related bacteria in the genus Lactococcus. Furthermore, lactocyclicin Q had weak inhibitory activity against E. coli without other antimicrobial factors. However, the MICs for E. coli were at the same level of self-immunity as those for the lactocyclicin Q-producing strain. No activity was detected even with 312 M of lactocyclicin Q against Salmonella enterica serovar Typhimurium NBRC 13245.
Stability of lactocyclicin Q with proteolytic enzymes, pH, and heat treatment. The inhibitory activity of lactocyclicin Q was inactivated completely only by pepsin and proteinase K when the molar ratio of the enzyme to lactocyclicin Q was 1:1 (Table 5 ). In the other cases examined, especially at a molar ratio of 1:100, lactocyclicin Q retained its activity. The inhibitory activity was diminished by exposure to elevated temperatures and high pHs, but the activity was not decreased by autoclaving at 121°C for 15 min at pH 3.0 and 4.0 (Table 6) . Lactocyclicin Q showed high resistance to proteases and a high level of stability against pH and heat compared to most LAB noncyclic bacteriocins.
DISCUSSION
This is the first report on a cyclic bacteriocin produced by Lactococcus spp. Here we describe identification and characterization of lactocyclicin Q that was purified from culture supernatant of Lactococcus sp. strain QU 12. Lactocyclicin Q had excellent characteristics, such as pH and heat stability, as well as protease resistance. The characteristics described above are likely due to lactocyclicin Q's cyclic structure. For example, the inhibitory activity of nisin Z was almost completely lost after exposure to an elevated temperature under autoclaving conditions (121°C for 15 min at pH 5.0) (28) . In addition, the inhibitory activity of nisin Z was completely inactivated by treatments with proteinase K and ␣-chymotrypsin (28). In contrast, the inhibitory activity of enterocin AS-48 was retained with no reduction under similar conditions (120°C for 15 min at pH 5.0) (2). Enterocin AS-48 was also quite resistant to several proteolytic enzymes, including ␣-chymotrypsin (14, 15) . Lactocyclicin Q, which forms a cyclic structure like enterocin AS-48, was also resistant to heat and several enzymes, especially ␣-chymotrypsin (Table 5 ). Both enterocin AS-48 and lactocyclicin Q exhibited high stability in the presence of heat and protease, a common feature of cyclic peptides, compared to most LAB bacteriocins. In fact, cyclic structures have been proven to be responsible for high stability (5, 15, 23) .
The primary structure of lactocyclicin Q was chemically determined, and the molecule was composed of 61 amino acid residues. The amino acid sequencing analysis showed that lactocyclicin Q had a cyclic structure bound at the N and C termini. In addition, lactocyclicin Q had the highest hydrophobic amino acid ratio (78.7%) among cyclic bacteriocins and showed no significant homology to any other bacteriocin. In addition, lactocyclicin Q showed high antimicrobial activity against the genera Bacillus, Lactococcus, and Enterococcus (Table 4) . In a previous report, gassericin A showed inhibitory activity against Listeria monocytogenes, Bacillus cereus, Staphylococcus aureus, and other gram-positive bacteria (31) . On the other hand, reutericin 6 had a narrower spectrum and weaker antimicrobial activity than gassericin A (32). Enterocin AS-48 showed inhibitory activity against not only the gram-positive . It has been proposed that rearrangement from water-soluble DF-I to membrane-bound DF-II takes place at the membrane surface, which is followed by membrane insertion and molecular electroporation (30) . The antimicrobial mechanism of cyclic bacteriocins should be elucidated to develop these molecules as food preservatives. The structure of enterocin AS-48, which is deeply involved in antimicrobial activity, has been determined by nuclear magnetic resonance to consist of a globular arrangement of five ␣-helices (7, 30 ), which may have subtle amphiphilic characteristics, have been predicted by using PSIPRED prediction. The molecular weights of the cyclic bacteriocins gassericin A, reutericin 6, acidocin B, and uberolysin determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis are significantly lower than the real molecular weights (15, 17) . These bacteriocins are thought to form compact structures. However, the molecular weight of lactocyclicin Q was the same when ESI-TOF MS and sodium dodecyl sulfate-polyacrylamide gel electrophoresis were used (data not shown), like the molecular weight of enterocin AS-48 (2). This indicated that lactocyclicin Q and enterocin AS-48 had more elongated structures. The difference might be due to various factors, such as amino acid composition, charge, and/or number of ␣-helices.
The DNA sequence of the codons for a putative leader peptide, a ribosome-binding site, and a terminator sequence and the structural gene encoding lactocyclicin Q was obtained. Lactocyclicin Q has a short leader peptide composed of only two amino acid residues. This peptide is similar to those reported for circularin A and uberolysin, which have three and six N-terminal amino acids in their leader peptides, respectively. However, the cleavage reaction for maturation and the functions of the short leader peptides have not been unraveled yet. Lactocyclicin Q was expected to undergo a dehydration reaction between the N-terminal leucine residue and the Cterminal tryptophan residue during maturation. In general, cyclic bacteriocins produced by LAB have aromatic amino acids, such as tyrosine or tryptophan, in the N-or C-terminal region. For example, in gassericin A and other highly homologous cyclic bacteriocins tyrosine and tryptophan are the second and third N-terminal amino acid residues, respectively. On the other hand, in enterocin AS-48 and uberolysin tryptophan is at the end of the C terminus. Furthermore, lactocyclicin Q, uberolysin, and enterocin AS-48 have a K-X-X-X-X-X-W sequence at the end of the C terminus, in contrast to gassericin A. Additionally, in most cyclic bacteriocins leucine or isoleucine is at the end of the N terminus. These amino acids might be one of the factors affecting secretion and cyclization. A possible example would be a consensus sequence for a recognition site for a cyclization enzyme and/or a transporter.
Cyclization mechanisms of cyclic peptides, including those from LAB, have not been well characterized. Recently, two enzymes, McjB and McjC, encoded near mcjA (microcin J25 structural gene), were proven to be necessary for the conversion of McjA to mature microcin J25 (9), which is a cyclic peptide bacteriocin produced by E. coli AY 25 (4, 29) . However, microcin J25, a non-LAB bacteriocin, does not have aromatic amino acids in its N-or C-terminal region, indicating that cyclic bacteriocins produced by LAB have another cyclization mechanism. For enterocin AS-48, the genes as-48BCC1DD1 located near the structural gene as-48A have been confirmed to be necessary for production and immunity, and all of their products are predicted to be located in the membrane (25) . The cyclization mechanism of lactocyclicin Q is also thought to involve cyclization enzymes and transmembrane proteins.
The genus Lactococcus, which produces lactocyclicin Q, is one of the safest and most important microorganisms in human life. This means that lactocyclicin Q may be used not only for food preservation but also in the creation of medicinal drugs. In addition, the great stability of lactocyclicin Q due to its cyclic structure means that maintaining strong antimicrobial activity after various treatments and environmental stresses is more likely with this bacteriocin than with the other LAB bacteriocins, like nisin. However, the biosynthesis mechanism for cyclic bacteriocins, including lactocyclicin Q, has not been proven yet. If this mechanism is demonstrated, it may enable us to synthesize various kinds of cyclic peptides efficiently in vivo and in vitro. In addition, intentionally created cyclic peptides may have new characteristics and novel functions, such as a unique antimicrobial spectrum. In the future, cyclic peptides, including lactocyclicin Q, and the derived cyclization technique will likely be used in a variety of fields, including drug development.
